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The structural control of organic materials in nanometer scale is an important 
challenge for the development of advanced functional materials. There are mainly two 
approaches to fabricate nanostructures: top-down and bottom-up approaches. The 
top-down approaches use lithographical methods to make nanostructures from the bulk 
materials. In contrast, in the bottom-up approaches, nanostructures are built up by 
spontaneous self-assembly of molecules and ions. The bottom-up methods have 
attracted much attention because of their low energy consumption. 
Liquid crystals are one of representative self-assembled materials.1 Molecules 
in liquid-crystalline (LC) states combine fluidity as liquids and ordered structures like 
solids. The molecular orientation can be controlled by the application of external stimuli 
such as electric and magnetic fields. Owing to these dynamic properties, liquid crystals 
have been used for the development of liquid crystal displays and high strength fibers. 
In addition, new applications such as transport of electrons, ions, and mass in 
nanostructured liquid crystals have been intensively studied.2–7 The control of molecular 
structures, intermolecular interactions, and nanosegregation of liquid crystals is of great 
importance to fabricate nanostructures such as columnar (1D), layer (2D), and micellar 
and gyroid (3D) structures. 
The author focuses on development of anisotropic ion-conductive materials 
using nanosegregated structures formed by self-assembly of LC molecules and organic 
ions. Ionic liquids have gained much attention due to their high ionic conductivity, 
non-volatility, and flame retardancy.8 Ionic liquid crystals that are LC molecules having 
ionic moieties show anisotropic ionic conductivities in the columnar and smectic 
phases.9 However, they loose the anisotropic functions when become the isotropic 
liquid states at high temperature. In contrast, in situ photopolymerization of oriented 
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ionic liquid crystals containing polymerizable groups in the LC states have been used to 
prepare macroscopically aligned LC polymers that exhibit high thermal stability and 
anisotropic ionic conductivity.10,11 However, the ionic conductivities of polymers 
decrease by more than one order of magnitude compared with those of monomers, 
which can be attributed to the decrease in the mobility of ionic moieties. Therefore, the 
author focuses on the noncovalent design of ion-conductive LC polymers composed of 
ionic molecules and polymerizable mesomorphic molecules in expectation that the ionic 
mobility of the monomeric state is maintained after polymerization. 
In the present thesis, the development of supramolecular nanostructured 
polymer films for ion transporting materials and their application is described. The 
free-standing polymer films in which ionic liquids are confined into 1D or 2D ordered 
nanostructures have been described in chapter 1. The anisotropic anhydrous proton 
conductive materials having supramolecular liquid-crystalline nanostructures have been 
described in chapter 2.  
 
Chapter 1.   Anisotropic Ionic Conductive Polymer Materials Having 
Supramolecular LC Nanostructures  
 
This chapter describes the material design and development of anisotropic 
ionic conductive polymer materials based on supramolecular LC nanostructures. The 
mesomorphic diol compounds having diene moiety as a photopolymerizable functional 
part have been designed. The diol moiety enhances nanosegregated liquid crystallinity 
and shows compatibility with wide range of hydrophilic and ionophilic compounds.12,13 
Some of synthesized diol compounds show no liquid crystallinity but columnar LC 
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phases are formed after mixing with an imidazolium-based ionic liquid, which indicates 
that the liquid crystallinity is induced by interactions between diol moiety and the ionic 
liquid. The self-assembled nanostructures depend on the mole ratio of ionic liquid in the 
mixture of diol compound and ionic liquid. For example, 30mol% of ionic liquid 
mixture exhibits columnar LC phase and equimolar mixture exhibits smectic LC phase. 
A uniaxially parallel orientation of the columnar assemblies of the mixtures has been 
achieved by the application of mechanical shearing in the LC state between the 
comb-shaped gold electrodes on a glass substrate and a glass substrate. Anisotropic 
ionic conductivities of the mixtures were measured by alternating current impedance 
methods. Supramolecular LC nanostructured polymer films were obtained by in situ 
photopolymerization of these mixtures in the LC state. The obtained free-standing 
nanostructured films are thermally and physically stable. These supramolecular LC 
nanostructured polymer films exhibit higher ionic conductivities than those of the 
previously reported polymer film obtained by photopolymerization of covalent-type 
ionic liquid crystals having polymerizable moiety, and no decrease of ionic conductivity 
after polymerization is observed. The details of this study are discussed in paper [1]. 
 
Chapter 2.  Anisotropic Anhydrous Proton-Transporting Materials 
Having Supramolecular LC-Nanostructure 
 
This chapter describes the material design and development of anisotropic 
anhydrous proton conductive LC materials, which are aimed to exhibit high proton 
conductivity over 100 °C. The wedge-shaped liquid-crystalline molecules having a diol 
moiety at their apex are designed. Imidazole and benzenesulfonic acid were selected as 
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proton souse. The liquid crystallinity and ionic conductivities of the mixtures of diol 
compound and imidazole or benzenesulfonic acid were studied. The ionic conductivities 
of mixtures of diol compounds and imidazole are low due to strong interaction between 
diol moiety and imidazole. In contrast, the mixtures of diol compounds and 
benzenesulfonic acid show higher ionic conductivities. New protic salt was obtained by 
stoichiometric neutralization of imidazole with benzenesulfonic acid. The ionic 
conductivity of the protic salt in solid state is very low and the value is 10-8 Scm-1. On 
the other hand the confinement of the protic salt into the hydrogen-bonded networks of 
mesomorphic diol compounds had led to the great enhancement of the ionic 
conductivity by about three orders of magnitude, indicating the protic salt becomes a 
mobile state in the LC nanostructures. 
The thermally and physically stable proton-conductive nanostructured 
self-standing films were obtained by introducing in situ photopolymerization approach. 
The details of this study are discussed in paper [2] and [3]. 
 
Chapter 3.   Conclusion and Perspective 
 
The present thesis describes the development of new approach to construction 
of polymeric nanostructured materials exhibiting efficient anisotropic ionic or proton 
conductivities obtained by in situ photopolymerization of the mixtures of the 
photopolymerizable LC compounds and ionic molecules. The non-covalent interactions 
involving hydrogen bonds between mesomorphic diols and ionic molecules play key 
roles in the achievement of high anisotropy and high ionic conductivity. 
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In chapter 1, the development of new approach for anisotropic ionic conductive 
polymer materials is described. The nanostructured polymer materials were obtained by 
in situ photopolymerization of the mixture of LC compound and ionic liquid in liquid 
crystal state. These polymeric supramolecular LC nanostructured materials exhibit 
higher ionic conductivities than those of previous reported nanostructured materials 
obtained by photopolymerization of ionic liquid crystals due to noncovalent interaction 
between mesomorphic part and ionic part. 
In chapter 2, the development of anhydrous anisotropic proton conductive 
nanostructured materials obtained by confinement of protic molecules into LC 
nanostructures is described. 
In conclusion, this thesis reports the development of efficient transport 
materials having supramolecular LC nanostructure and their applications. These results 
given in this thesis may provide great potential for developing novel materials not only 
for energy devices such as electrolytes and anhydrous proton conducting electrolytes in 
fuel cells but also transporting materials. 
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